Although the role of angiotensin II (Ang II) in the pathogenesis and progression of the failing heart is uncertain, previous reports have suggested that myocyte injury may be a component in this process. In this study, we investigated this possibility in more detail. Cardiotoxic effects of nonacutely hypertensive doses of Ang II were examined in 90 rats, including those receiving an angiotensin infusion (200 ng/min i.p.) and those with renovascular hypertension, where endogenous stimulation of Ang II occurred. Myocyte injury and wound healing resulting from these treatments were evaluated by 1) immunofluorescence after in vivo monoclonal antibody labeling of myosin to detect abnormal sarcolemmal permeability, 2) [3H] thymidine incorporation into DNA, to detect fibroblast proliferation, and 3) light microscopic evidence of myocytolysis and subsequent scar formation. We found that exogenous Ang II produced multifocal antimyosin labeling of cardiac myocytes and myocytolysis, which were maximal on days 1-2 of the infusion. Subsequently, DNA synthesis rates were increased, with fibroblast proliferation reaching peak levels on day 2 (Ang H-treated rats, 90.0±t18.6 cpm/,ug DNA; control rats, 11.4±2.3 cpm/,ug DNA; p<0.05); microscopic scarring was found on day 14 and represented 0.12±0.02% of the myocardium. Concurrent treatment with both propranolol (30 mg/kg/day s.c.) and phenoxybenzamine (5 mg/kg/day i.m.) did not attenuate Ang II-induced antimyosin labeling. Increased endogenous Ang II, resulting from renal ischemia after abdominal aortic constriction, produced both antimyosin labeling and increased rates of DNA synthesis like that observed with Ang H infusion. Both myocyte injury and fibroplasia were prevented with captopril (65 mg/day p.o.), but this protective effect was not seen with reserpine pretreatment. Infrarenal aortic banding without renal ischemia, on the other hand, produced hypertension without necrosis. We conclude that pathophysiological levels of endogenous as well as low-dose exogenous Ang II were associated with altered sarcolemmal permeability and myocytolysis with subsequent fibroblast proliferation and scar formation. Myocyte injury was unrelated to the hypertensive or enhanced adrenergic effects of Ang II or to hypertension per se. Captopril was effective in preventing myocyte injury in renovascular hypertension. The mechanism(s) responsible for Ang HI-induced necrosis will require further study. (Circulation Research 1991;69:1185-1195 T he neuroendocrine system is widely recognized to play a dominant role in the pathophysiology of congestive heart failure.1-3 Both the adrenergic and renin-angiotensin systems are involved. The commonly acknowledged role of From the Cardiovascular Institute (R.P.), Michael Reese Hospital and these systems in heart failure is in triggering mechanisms that compensate for the reduction in systemic blood flow and perfusion pressure.4 Serum levels of norepinephrine5-7 and angiotensin II (Ang 11)8.9 are each elevated in heart failure at rest and rise even further with physical activity.'0"11 Both neurohumoral agents are also known to raise myocardial protein synthesis and cause myocyte hypertrophy. [12] [13] [14] [15] [16] Less well known are the roles played by the adrenergic and renin-angiotensin systems in the pathogenesis and progression of the failing heart itself. Pharmacological doses17-21 or pathophysiological levels22'23 of catecholamines are widely known to produce cardiac myocyte necrosis, although the mechanism of cell death is still unclear.24 Like catecholamines, Ang II infused intravenously in doses that induce acute systemic hypertension has been
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It was our aim, therefore, to determine whether exogenous levels of Ang II, which did not precipitate acute hypertension, were related to the appearance of myocyte necrosis. We sought to further determine whether increased endogenous levels of Ang II, developing in response to renal ischemia, might likewise induce necrosis (vis-a-vis nonrenovascular hypertension). Myocyte injury was assessed directly by in vivo labeling with monoclonal antibodies specific to cardiac myosin,27 a specific and sensitive means of detecting abnormal sarcolemmal permeability in individual myocytes,2128 and standard light microscopic examination of fixed tissue. The woundhealing response, specifically fibroblast proliferation and subsequent replacement fibrosis, was also examined to indirectly confirm the presence and extent of myocyte necrosis.
We found that abnormal sarcolemmal permeability and myocytolysis occurred with pathophysiological levels of Ang II and were followed by fibroplasia and scarring. Unlike pretreatment with pharmacological agents that would alternate the catecholamine response to Ang II, captopril prevented both myocyte necrosis and wound healing in renovascular hypertension, whereas myocyte necrosis and wound healing were not observed with infrarenal aorta banding.
Materials and Methods

Animal Population
Experiments were performed on 90 male Sprague-Dawley rats (190-300 g) maintained on a diet of standard chow (Purina No. 5001, Ralston Purina Co., St. Louis, Mo.) containing 174 meq/kg sodium and 282 meq/kg potassium. The rats were allowed to acclimatize to the housing, with free access to food and tap water for 7 days before entry into the study. Ang II Infusion Thirty-one rats were anesthetized with 35-50 mg/kg i.p. methohexital sodium. Each then underwent an intraperitoneal implantation of an Alzet osmotic minipump (model 2002, Alza Corp., Palo Alto, Calif.) containing Ang II (CIBA-GEIGY, West Caldwell, N.J.) dissolved in 0.O1N acetic acid. The concentration of Ang II was adjusted so that 200 ng/min was delivered at the pump rate of 0.5 ,ul/hr. This dose was selected on the basis of preliminary studies that indicated that it did not produce an immediate elevation in arterial pressure in contrast to the acute hypertensive effects seen with the intra-venous infusion of the same dose. Rats received Ang II for 1-14 days before they were killed.
A separate group of rats (n=6), which were untreated or which received an intraperitoneal implant of a minipump containing only the vehicle (0.O1N acetic acid), served as the controls. A third set of rats (n=7) received injections of propranolol (10 mg/kg s.c. three times daily) and phenoxybenzamine (5 mg/kg i.m. once daily) before and during intraperitoneal Ang II infusion. In preliminary experiments, this dose of propranolol maximally suppressed both the hypotensive and chronotropic responses to 1 mg/kg s.c. isoproterenol. It also prevented myocyte necrosis and myocardial hypertrophy induced by this dose of isoproterenol. 21 The dose of phenoxybenzamine (t112=24 hours) was in excess of the 1 mg/kg required to maximally reduce the pressure response to 400 ng norepinephrine. 29 To minimize weight loss, potassium supplements (0.3% in drinking water) were given after the operation to rats receiving Ang ll.30 Systolic blood pressures, using standard tail-cuff manometry,31 and body weights were measured at 1-2-day intervals. Control rats and those receiving propranolol and phenoxybenzamine were killed 1 and 2 days after insertion of the pumps.
Animals were killed with methohexital (35-50 mg/kg i.p.), the thorax was opened, and the heart was quickly excised and placed in ice-cold saline. The great vessels and the atria were carefully trimmed away, and the ventricles were divided into right and left (plus septum) ventricles and weighed.
Abdominal Aorta Banding With and Without Renal Ischemia
To stimulate increased endogenous production of Ang II, we used a model of renovascular hypertension. Since unilateral renal ischemia in a two-kidney animal is accompanied by systemic hypertension, any observation regarding cell necrosis might be interpreted as secondary to either increased circulating Ang II, hypertension, or both. In an attempt to distinguish these factors, five groups of rats were used. These groups were constructed in the following manner after laparotomy following anesthesia with 35-50 mg/kg i.p. methohexital: In the first group (n=20), abdominal aorta constriction to a diameter of 0.8 mm together with constriction of the right renal artery was performed. This model of renovascular hypertension has been used widely in our laboratory and is known to lead to progressive atrophy of the right kidney and hypertrophy of the contralateral nonischemic kidney.32 A second group (n=5) was similarly operated, except in this group the banding procedure did not involve the renal arteries, and neither kidney appeared ischemic. In a third group (n = 10) of rats, the abdominal aorta and right renal artery were constricted as above, and endogenous catecholamine stores were depleted with a course of reserpine33 before inducing renovascular hypertension. The pretreatment protocol consisted of reserpine (2 mg/kg i.p. on day 1 and 1 mg/kg i.p. on day 2); aortic constriction with right renal stenosis was performed on day 3; and 0.2 mg/kg/day reserpine was given on postoperative days. A fourth group (n=8) with abdominal aorta and right renal artery constriction was pretreated for 2 days with captopril, an angiotensin converting enzyme inhibitor, in the drinking water (2 g/l), and this was continued after the operation. The captopril dosage was equivalent to 65 mg/day based on the mean consumption of 32 ml water/day. A fifth group of rats (n =5), which was surgically treated as described above except the ligature was not tightened, served as a set of shamoperated controls.
All rats were killed 1-7 days after abdominal aorta constriction. At this time, the rats were anesthetized with methohexital (35-50 mg/kg i.p.) and artificially ventilated via tracheostomy. A carotid artery was cannulated, and arterial pressure was measured. To approximate the pressure of conscious animals, the reading was taken when arterial pressure was stable for a level of anesthesia that was light but sufficient to prevent spontaneous physical motion by the rat. The rat was given further anesthesia before thoracotomy was performed. After thoracotomy, the heart was rapidly excised and placed in ice-cold saline. The great vessels and the atria were removed, and the ventricles were divided and weighed.
Determination of Myocyte Injury
Evaluation of myocyte injury resulting from Ang II administration was accomplished by two techniques. The first involved in vivo labeling of myocytes with abnormal sarcolemmal permeability using monoclonal anticardiac myosin.21,28 Each rat received 1 mg immunoglobulin G fraction of monoclonal antibody CCM-52 intraperitoneally 24 hours before death. The antibody used in this study, CCM-52, has been shown to be specific for cardiac myosin. 27 Antibody administered intraperitoneally appears in the serum in less than an hour, reaches a maximal serum -titer by 3 hours, and remains well above a 1:100 dilution titer necessary for immunofluorescent staining for more than a week (authors' unpublished data). After removal of the heart, 2-mm-thick transverse sections of the left ventricle were quick-frozen in isopentane cooled to the freezing point (-160°C) in liquid nitrogen. After cryostat sectioning of the heart, the sections were stained with fluorescein isothiocyanate-conjugated rabbit anti-mouse immunoglobulin G (Cappel Laboratories, Cochranville, Pa.) to localize myocyte binding antimyosin monoclonal antibody. Immunofluorescent staining was evaluated with a microscope (Carl Zeiss, Inc., Thornwood, N.Y.) equipped with epifluorescent optics optimized for fluorescein isothiocyanate fluorescence.
The second technique used to assess myocyte injury was based on light microscopic examination of formalin-fixed left ventricular tissue sections stained with hematoxylin and eosin. Specifically, we examined a coronal section of the ventricle (free wall and septum) for evidence of myocytolysis, based on a disruption of the internal cellular architecture. The entire left ventricular myocardium was scanned in a clockwise fashion beginning at the endocardial surface of the septum. Whenever an area of myocytolysis was found, its location and approximate size with respect to the starting point were noted on a standardized diagram of a left ventricular cross section. Determination of Wound Healing DNA synthesis in heart tissue of each experimental group was analyzed by estimation of total incorporation of [3H]thymidine into DNA. [methyl-3H]Thymidine (TRK.686, specific activity >50 Ci/ mmol, Amersham, Arlington Heights, Ill.) was administered by intraperitoneal injection (1 ,Ci/g body wt) 4 hours before death. Thymidine incorporation into DNA was determined as described by Benjamin et al. 21 Immediately after the heart was excised and weighed, the right and left ventricles were finely minced with scissors and homogenized with a Polytron (Brinkmann Instruments, Inc., Westbury, N.Y.) in 2 ml ice-cold phosphate-buffered saline. Two milliliters of cold 10% trichloroacetic acid was added to the homogenate to precipitate DNA and proteins. The tissue homogenates were centrifuged and washed three times with 3 ml cold 5% trichloroacetic acid and then with a final rinse of 3 ml of 2% sodium acetate in 90% ethanol to remove unincorporated [3H]thymidine. After centrifugation, the supernatant was discarded, and the precipitates were resuspended in 2 ml of 5% trichloroacetic acid. DNA was extracted by heating the samples at 90°C for 30 minutes. After centrifugation, aliquots of the supernatant were taken for determination of tritium radioactivity by scintillation counting and of DNA content by the method of Burton.34 DNA standards were prepared from calf thymus DNA, and the concentrations of the standard were determined by its absorbance at 260 nm. Stimulation of DNA synthesis was determined from the specific radioactivity (cpm/,g DNA) in each tissue sample.
Subsequent scarring of the myocardium was examined using a collagen-specific stain, sirius red F3BA. Here coronal sections of the left ventricle were examined at day 14 of the Ang II infusion and after 2 weeks of renovascular or nonrenovascular hypertension. Similar analysis of myocardium was performed in control rats.
The slide was placed in a projecting microscope, and the image was projected onto a digitizing pad. The entire left ventricular cross section was scanned (magnification, x40) with the investigator (R.P.) blinded as to the source of the tissue. Whenever an area of replacement fibrosis, as represented by the presence of confluent fibrillar collagen in regions formerly occupied by myocytes, was found, its contour was traced, and the area within the contour was calculated. The entire area of muscle was also obtained, and the collagen volume fraction of replacement fibrosis was calculated as the sum of all sampled areas containing lesions divided by the sum of all areas with and without lesions. The density of fibrotic areas was expressed as number of foci per square millimeter.
Statistical Analysis
The grouped results are expressed as mean±SEM and were compared using the Kruskal-Wallis analysis of variance (BMDP, Los Angeles). When a significant intergroup difference was found, then pairwise comparisons were performed by calculating confidence intervals for the rank differences. Statistical significance was set at p<0.05.
Results
Cardiac Myocyte Necrosis After Ang II Infusion
Antimyosin labeling of cardiac myocytes was observed within 24 hours of intraperitoneal infusion of Ang II. A scattered multifocal distribution of labeled myocytes was found throughout the myocardium (see Figure 1 ), with some tendency toward clustering of antibody-labeled myocytes around the perivascular regions of intramyocardial arteries and arterioles. In contrast to antibody labeling after isoproterenol treatment,2' labeled myocytes resulting from Ang II infusion were not preferentially distributed in the subendocardial region. The number of labeled myocytes peaked between days 1 and 2 and declined thereafter. At no time was there any myocyte labeling detected in rats treated with minipumps containing the O.O1N acetic acid vehicle.
Myocytolysis was evident on light microscopic examination on day 2 of the Ang II infusion; it was not observed in control rats. Myocyte necrosis was patchy and distributed throughout the myocardium without a discernible pattern of distribution. Occasionally, large numbers of myocytes were involved (see Figure 2 , top panel). In most cases, however, myocytolysis was confined to small numbers of cells and accompanied by fibroblast proliferation (see Figure 2 , bottom panel).
Effect ofAdrenergic Hormone Antagonists
To rule out the possibility that myocyte necrosis in the heart occurred secondary to enhanced adrenergic hormone release facilitated by Ang II, we used adrenergic hormone antagonists to block this effect. The prior and concurrent treatment with a-and ,B-adrenergic inhibitors did not attenuate the necrotic effects of infused Ang II. The pattern and extent of myocyte necrosis with Ang II and the combination of propranolol and phenoxybenzamine were similar to those seen with Ang II alone. It should be noted that the same level of propranolol applied in a prior study21 completely blocked the necrogenic effects of 1 mg/kg isoproterenol. Thus, Ang II-mediated myocyte necrosis observed in this study did not result from secondary adrenergic hormone activity.
Cardiac Myocyte Necrosis After Abdominal Aorta Banding
Since cardiac myocyte necrosis was detected after intraperitoneal Ang II infusion, we sought to determine whether Ang II arising from stimulation of the renin-angiotensin system after renal ischemia might generate a similar response. Thus, we examined hearts of rats treated with monoclonal antimyosin at 1-7 days after surgical induction of renovascular hypertension. To evaluate whether the myocardial response resulted from surgical manipulation, aortic constriction, or renin production after renal ischemia, myocyte injury was compared in sham-operated and abdominal aorta-banded rats with and without right renal artery constriction. At the time of the study, rats with banding of the abdominal aorta including constriction of the right renal artery had an ischemic-appearing right kidney; the left kidney appeared well perfused. In rats without renal ischemia, both kidneys appeared well perfused. In rats with renovascular hypertension, antimyosin-labeled necrotic myocytes were found throughout the myocardium. Labeling was most numerous on postoperative day 1, and the pattern and distribution of labeling were similar in appearance to those seen with Ang Il-induced necrosis. In rats without renal ischemia, no myocyte necrosis was detected. Prior depletion of endogenous catecholamine stores with reserpine pretreatment did not attenuate the cardiac myocyte necrosis associated with renal artery constriction.
In renovascular hypertension, light microscopic evidence of myocytolysis was seen to involve individual myocytes in a diffuse, random distribution throughout the myocardium. This was not the case in nonrenovascular hypertension, where myocytes appeared intact.
Effect of Captopril
Further evidence that Ang II was the active factor in generation of myocyte injury was provided by evaluation of the effect of captopril on myocyte necrosis in rats with abdominal aorta constriction. When rats having abdominal aorta constriction with renal ischemia were treated with captopril, antibody-labeled cardiac myocytes were not seen on serial sections.
Increased Cardiac DNA Synthesis
A direct response to cardiac myocyte injury is cardiac fibroblast proliferation, which may be detected with great sensitivity by the increase in cardiac DNA synthesis rates. Thus, an independent confirmation of myocyte injury is provided by assessment of rates of tritiated thymidine incorporation. We observed that the rate of ['H]thymidine incorporation closely paralleled the appearance of necrotic myocytes in the heart after Ang II infusion. The rate of ['H]thymidine incorporation in the left ventricle increased slightly on the first day of Ang II infusion, reached a peak on day 2, and declined rapidly thereafter (Figure 3 ). The time course of stimulation of DNA synthesis in renal ischemia was similar to that seen with Ang II infusion, being maximal on postoperative day 2. The peak rate of DNA synthesis on day 2 was also of the same order of magnitude as that seen with Ang II infusion (Figure 4 ). In rats with aortic banding without right renal artery constriction, the DNA synthesis rate was not different from that of controls (19.5+±5.5 cpm/gg for banded rats versus 11.4±2.3 cpm/gg for controls). In rats with abdominal aorta constriction and right renal ischemia, which were also treated with captopril, the rate of DNA synthesis was not elevated and was similar to that observed in sham-operated rats (Figure 4 ).
Replacement Fibrosis
In picrosirius red-prepared sections, punctate foci of microscopic scarring were evident throughout the left ventricular myocardium. The number of scars per square millimeter found in hearts receiving the Ang II infusion for 14 days was 0.5+±0.1, and the average size of the scars was 2,950±500 gm2. As shown in Figure 5 , the majority of scars were <4,500 ,um2; hence, the reparative fibrosis occurred in only 0.12+0.02% of the myocardium and is in keeping with necrosis of myocytes. No scarring was found in control hearts.
Effects ofAng II and Abdominal Aorta Constriction on Blood Pressure
Intraperitoneal Ang II infusion did not cause a significant rise in arterial pressure during the first 3 days of infusion. Thereafter, a gradual rise in systolic pressure was observed, which reached a peak on the 10th day ( Figure 6 ), when systolic arterial pressure exceeded 200 mm Hg.
With surgical constriction of the abdominal aorta, the systolic carotid artery pressure immediately before death was 187+10 mm Hg in rats with right renal artery constriction and 173 + 10 mm Hg in rats without right renal constriction as compared with 138 +3 mm Hg obtained in the sham-operated controls. The rate of increase in blood pressure was not determined after abdominal aorta constriction, since tail-cuff pressures could not be taken after this procedure.
Pretreatment with captopril in the abdominal aorta constriction with renal ischemia model prevented the elevation in systolic blood pressure (119±4 mm Hg) as compared with the untreated group (187 mm Hg).
Effects ofAng II and Abdominal Aorta Constriction on Myocardial Hypertrophy
The combined ventricular weights normalized to body weights were increased by 10-12% during Ang Systolic BP during AII infusion II infusion relative to controls, reaching a peak at day 14 on continued infusion. The ventricular weight normalized to body weight increased from 2.98+±0.05 g/kg in controls to 3.41±0.13 g/kg after 2 weeks of sustained Ang II infusion. A similar observation was noted in the rats with abdominal aorta banding, with normalized ventricular weights rising from 2.98± 0.05 g/kg in control rats to 3.76±0.20 g/kg on day 7 after the operation. The ventricular weight/body weight ratios were not increased after renal ischemia in the group treated with captopril (2.63±0.06 g/kg).
Discussion Association ofAng II With the Genesis of Cardiac Myocyte Necrosis
Using in vivo labeling with monoclonal antimyosin, we have shown that both Ang II infusion and endogenous Ang II, arising as a consequence of renal ischemia, are associated with the development of cardiac myocyte necrosis. This necrosis does not appear to be mediated by either adrenergic activation or systemic hypertension, which are both known to result from Ang II. Furthermore, when augmented synthesis of Ang II by concurrent captopril treatment in the renovascular hypertension model was prevented, myocyte injury and wound healing were not seen.
The development of cardiac myocyte injury in the setting of renal ischemia is consistent with earlier reports.35-37 Infusion of ischemic renal extracts was shown to produce myocyte injury; however, this injury was absent with removal of the ischemic kidney. 37 Whether this effect could be attributed to endogenous angiotensin has not been established. 38 Our experiments provide new evidence for the role of endogenous Ang IL in the genesis of cardiac myocyte necrosis in renovascular hypertension and in congestive heart failure, where endogenous circulating Ang II achieves levels similar to those seen in this study (see below).
Stimulation of DNA synthesis and scar tissue formation serve as an independent confirmation of myocyte necrosis and are indicative of the woundhealing process that involves fibroblast proliferation and collagen replacement of cell loss. Both Ang II infusion and renovascular hypertension resulted in enhanced myocardial DNA synthesis and replacement fibrosis. The rate of increase and scarring closely paralleled the pattern of necrosis observed with antimyosin labeling.
The fact that concurrent treatment with captopril (by preventing excess Ang II synthesis) abolished myocyte necrosis and the subsequent increase in DNA synthesis rates provides further evidence that elevated endogenous Ang II was responsible for abnormal sarcolemmal permeability and myocytolysis. The cardioprotective effect of captopril is of clinical importance, in that the progression of cardiac dysfunction secondary to myocyte loss induced by elevation of endogenous Ang II levels can be effectively treated by angiotensin converting enzyme inhibition.
Ang II-Mediated Necrosis Secondary to Hypertension
Previous studies have shown that large doses of Ang II can cause focal myocardial injury. 26, 39 It is currently believed that this injury occurs in close conjunction with the hypertension induced by Ang 11.25 Using a model of renovascular hypertension, Bhan et a135 observed foci of myocardial damage in the subendocardium of the left ventricle; these foci were thought to be consistent with ischemic or anoxic or reflow injury. They also observed vascular lesions in epicardial and intramyocardial arteries that were related to the severity of hypertension in the case of epicardial vessels and to the vasoconstrictive action of Ang II in the case of intramural vessels. Bhan et al40 subsequently extended their study and showed that when the hypertensive effects of 1,700 ng/kg/min i.v. Ang II were counteracted by concurrent phentolamine treatment, Ang II produced vascular injury confined to intramyocardial coronary arteries, with minimal evidence of myocyte injury. This suggests that irreversible myocardial injury is dependent on the hypertensive and vasoconstrictive effects of Ang II. Our study is the first to demonstrate that Ang II given in a manner that does not induce acute hypertension is involved in the generation of cardiac myocyte necrosis, suggesting that the mechanisms producing necrosis are independent of the hypertensive effects of Ang II. In fact, as arterial pressure gradually rose with the sustained infusion of Ang II, no new injury could be detected in our study. Additional corroborative evidence supporting the dissociation between necrosis and hypertension is provided by evidence that abdominal aorta constriction applied in a manner that did not produce renal ischemia results in hypertension but not in myocyte necrosis. It is not clear why myocyte necrosis in the absence of hypertension was detected in our study, whereas it appears not to have been detected in the study of Bhan et al.40
Plasma Ang II Levels
The dose range of Ang II infusion used in our experiment (0.6-1.0 ,ug/kg/min) was only marginally smaller than the ones used in other studies (0.9-1.8 j.tg/kg/min).26,39 However, we used an intraperitoneal rather than intravenous route of administration. Plasma Ang II levels of 70.6±6.4 pg/ml were determined after 24 hours of intraperitoneal infusion. This was similar to the levels of plasma Ang II seen at 24 hours in the rats with abdominal aorta banding and renal ischemia (56.7±21.9 pg/ml). These levels are well within the pathophysiological range reported in cases of essential hypertension (147-189 pg/ml),41 renal hypertension (154+±93 pg/mI),42 and severe heart failure (28-155 pg/ml).43,44 Our normal control rats had levels of 9.5±3.5 pg/ml. Intravenous infusion of Ang II at 200 ng/min produced plasma levels in excess of 400 pg/ml and an acute hypertensive response, whereas intraperitoneal infusion at the same dose produced lower plasma levels and no acute hypertensive response. The differences may be due to the inactivation of the intraperitoneal Ang II by angiotensinase in the liver, lungs, and kidneys.43 Whether Ang II metabolites are responsible for the observed lesions cannot as yet be ascertained and would form an essential part of future studies to elucidate the mechanism(s) of Ang Il-induced cardiomyocyte necrosis.
Relation Between Necrotic and Vasculotoxic Effects ofAng II
Epicardial coronary artery constriction has been observed with intracoronary infusion of Ang II. 45 Whether the mechanism of necrosis involved vasculotoxic or vasoconstrictive effects of Ang II on intramyocardial coronary arteries has not been resolved. Giacomelli et a125 showed that foci of myocardial injury produced by intravenous infusion of 1,700 ng/kg/min Ang II were observed in areas that have no consistent topographic relation to these intramural arteries. They speculated that the myocardial damage was secondary to ischemic or anoxic injury, with or without reflow damage. Bhan et al35, 40 have suggested a similar relation between the vasculotoxic and myocyte necrotic effects of Ang II. Although these studies suggest a vasculotoxic effect, they do not conclusively demonstrate that the myotoxic effect of Ang II is secondary to vascular effects. Ideally, to demonstrate that the myocardial lesions are secondary to coronary vascular lesions, one needs to show that myocyte necrosis resides in regions distal to the vascular lesions. The correlative method used in the study of Bhan et al,40 who showed increased myocardial lesions in hearts with increased vascular lesions, cannot lead to any firm conclusion about the spatial relation of the lesions.
Permeability of systemic and intramural arteries is abnormally increased by Ang 11.25,46-48 Thus, myocytes adjacent to arterioles may be subject to a cascade of events, including the release of vasoactive amines,49 that leads to sarcolemmal disruption and ultimately cell death. Further studies are required to elucidate the relation between augmented vessel permeability, release of vasoactive amines, and cell death due to low-dose Ang II infusion.
Adrenergic Activation as a Mechanism
Several lines of evidence suggest that angiotensininduced necrosis is not mediated by sympathetic activation or catecholamine release. In contrast to the pattern of necrosis produced after intraperitoneal infusion of 200 ng/min Ang II, isoproterenol characteristically produces subendomyocardial necrosis.1821 In addition, doses of propranolol and phenoxybenzamine that were effective in inhibiting the hemodynamic response to high levels of circulating catecholamines and that totally blocked isoproterenol-induced myocardial injury did not block angiotensin-induced myocyte necrosis. Further evidence that Ang TI-mediated cardio-myocyte necrosis was not due to secondary catecholamine release is provided by the observation that the same extent of necrosis occurred after reserpine depletion of catecholamine stores before renal artery constriction, as occurred in the absence of reserpine treatment. Thus, Ang II appeared to produce cardiac myocyte necrosis independent of the cardiotoxicity that might result from sympathetic activation or facilitated release of catecholamines.
Role ofAng II Receptors
Whether the cardiotoxic effects of Ang II are mediated through myocardial receptors is uncertain. It is notable that Ang II receptors have not been demonstrated at the same level in the adult rat heart as have been found in other species (e.g., rabbit, guinea pig, and bovine myocardium; T.B. Rodgers, personal communication). The explanation is unclear, especially in view of the fact that the same techniques have demonstrated a high density of angiotensin receptors in neonatal rat cardiac myocytes.50 Therefore, we cannot suggest that cardiac myocyte necrosis resulting from Ang II infusion or abdominal aorta constriction is mediated by Ang II binding to cardiac myocyte receptors. Robertson and Khairallah51 reported binding of Ang II in nuclei of rat cardiac muscle. Whether nuclear or other hitherto unknown types of binding play a role in mediating Ang II effects in adult rat myocardium is unclear. That the adult rat heart is responsive to Ang II was demonstrated by Xiang et al,52 who showed that Ang II added to the perfusate in Langendorff preparations increased contractile force in adult rat hearts.
Conclusion
We have demonstrated that Ang II arising either from endogenous or exogenous sources is associated with the appearance of abnormal sarcolemmal permeability, myocytolysis, fibroblast proliferation, and subsequent replacement fibrosis. It is not clear whether Ang II acts directly through myocyte receptors to produce this effect nor whether a metabolite of Ang II might be the active factor in this process. Our data do appear to exclude secondary adrenergic stimulation and arterial hypertension as being responsible for this effect. The mechanism by which Ang IL leads to myocyte necrosis remains to be determined.
